Chagas disease is a complex ailment caused by infection with Trypanosoma cruzi. It afflicts millions in Latin America. Years of studies have focused on the development of pathology in Chagas disease and recent studies have helped us understand the cellular mechanisms behind differential clinical evolution of Chagas disease.
Introduction
The interactions between Trypanosoma cruzi, a well adapted parasite, and its host lead to Chagas disease, a life-long illness with distinct clinical outcomes. While most chronic patients remain in an asymptomatic state (indeterminate form), a significant percentage develops deadly clinical forms (cardiac and/or digestive). Why differential clinical evolution occurs is a puzzling and, as of yet, unresolved question. Despite many uncertainties, it is acknowledged that the host immune response is critical in determining disease outcome. Here, we will discuss recent findings, focusing on human studies, which have added to our understanding of the processes associated with pathology development in Chagas disease.
Human Chagas disease: an old disease, many new concerns Although Chagas disease was described in 1909 [1], evidence of T. cruzi infection in humans dates back 9000 years [2] . Approximately 18 million people are currently infected and 100 million at risk of infection with T. cruzi in Latin America. Despite the significant control of the insect vector, Triatoma infestans, in Uruguay, Chile and Brazil, the fact that neighboring countries still have high incidence of natural vector transmitted T. cruzi infection presents a constant threat to Chagas disease epidemiological control [3 ] . Recent studies have shown that infected domestic animals are an important reservoir for sustaining natural transmission in endemic areas [4 ,5] . Moreover, microepidemics due to ingestion of contaminated juices have been recently reported in Brazil, clearly showing the presence of contaminated insects even in areas where epidemiological control was thought to have been achieved [6] . For years, Chagas disease was considered one of the consequences of poor socioeconomic conditions in Latin America. While this statement is still true, Chagas disease transmission through blood transfusion and organ transplantation in nonendemic areas is currently recognized as a serious problem [7] . These data demonstrate that Chagas disease, although an old disease, is a contemporary concern and point to the importance of active epidemiological surveillance with efficient parasite-targeted veterinary care, dependable screening of human-derived blood and organs and reliable prophylaxis or therapeutic interventions. Multidisciplinary approaches and consistent funding are essential for achieving disease control, at all levels.
Progression of human Trypanosoma cruzi infection: a wide spectrum of diseases
Upon infection, individuals undergo an acute phase that lasts approximately 2 months, characterized by high numbers of parasites in the bloodstream and tissues. Most acutely infected individuals in endemic areas are asymptomatic, which presents a serious challenge for diagnosis and treatment of disease. Treatment is successful in at least 70% of the individuals diagnosed shortly after infection [8, 9] . If infection is not treated, roughly 5% of the individuals may die of acute myocarditis, but most individuals will enter into the chronic phase of Chagas disease. Progression to the chronic phase is concurrent with the establishment of a relatively efficient immune response, which brings parasitemia to subpatent levels in all immunocompetent individuals. Although parasite levels are drastically reduced, it is during the chronic phase that the most serious symptoms of Chagas disease may occur. While most chronic patients are asymptomatic, classified as 'indeterminate', approximately 30% develop serious clinical symptoms ( Fig. 1 ). Some chagasic patients develop a destruction of the myoenteric nervous plexus leading to the digestive form, which presents as a variety of clinical syndromes, ranging from mild swallowing difficulty to severe dilations of intestinal structures known as the chagasic 'mega' syndrome. The cardiac clinical form is caused by an inflammatory reaction in the heart tissue, leading to a spectrum of debilitating and morbid cardiac diseases [10] . An important study recently demonstrated that it is possible to predict death by Chagas heart disease through analysis of clinical characteristics in cardiac patients [11] . Why T. cruzi-infected patients progress into distinct clinical forms is not known. Factors such as parasite strain and tissue tropism, parasite load, time of infection, nature of Theories for the generation and maintenance of (immuno) pathology in human Chagas disease As mentioned earlier, several aspects are likely to influence the clinical evolution of human Chagas disease. Parasite load, time of infection and exposure to reinfection are extremely hard to ascertain while studying human populations. Using animal models, it has been possible to demonstrate that these factors affect protection and pathology following T. cruzi infection [12] [13] [14] . It has been shown, in experimental as well as human T. cruzi infection, that parasites isolated from different organs are genetically distinct, suggesting that the genetic variability of the parasite strains may influence disease outcome [15, 16] . However, a recent study has shown a high variability of T. cruzi kDNA signatures amongst isolates from patients with the same clinical form [17] .
Two major theories emerged in the literature to explain the generation of the immunopathology in human Chagas disease. One postulates that an antiparasite response is the major cause of pathology while the other postulates that autoimmune processes are the major cause of tissue destruction. These two theories have led to controversies for many years -and still do [18, 19] . Nevertheless, it is fair to say that these theories are not necessarily mutually exclusive, and that the difference between tissue damage induced by an antiparasite response vs. that induced through indirect effects or directly against a specific self-antigen could very well be overlapping. A key point is to determine how protective immune responses are generated and maintained with limited pathology. Detailed immunological analysis of acutely infected individuals, as well as longitudinal studies of chronically infected patients will continue to be extremely valuable to help solve this puzzle.
How the early encounter of Trypanosoma cruzi with host cells can determine the fate of infection: more questions than answers. . .
The first step to ensure T. cruzi survival and successful infection is to enter host cells. Several molecules present on host cells and on the parasite surface are essential for the active process of cell invasion [20] and are capable of stimulating an innate immune response upon the first encounter [21 ] . These early interactions will be critical for both the immediate control of parasitemia and for establishing a cytokine-rich microenvironment which will direct subsequent development of regulatory and effector T-cell populations, important for maintaining control of the parasite with or without pathology during the chronic phase.
A wealth of information concerning the immune response during early interactions in animals acutely infected with T. cruzi has identified important aspects to be studied in human disease [22 ,23] . However, studies of early activation by T. cruzi using cells from acute Chagas patients are scarce. Although classic studies have suggested a suppressive response in the early phases of human T. cruzi infection [24, 25] , it is clear that the immune response mounted is efficient for controlling patent parasitemia. It has been suggested that B-cell activation leading to lytic antibody production is important in parasite elimination during the acute phase [26] [27] [28] . Although studies of endomyocardial biopsies from acute patients have shown the presence of CD4þ and CD8þ T cells in the inflammatory myocarditis [29] , the function of these cells during the acute phase has not been determined. Interestingly, a decreased frequency of a particular CD4þ T-cell subpopulation expressing the Vbeta 5 region of the T-cell receptor (TCR) was seen in acute Chagas patients [30] . We speculate that this decrease was due to an activation-induced cell death, since the frequency of this population is increased upon lowering of antigenic concentration in chronic patients. Taken together, these data suggest that T cells play an important role during acute Chagas disease. Yet, a more extensive study is required to ascertain the exact role that T cells may play in early parasite control and how these cells may influence the subsequent development of distinct clinical forms of Chagas disease.
Immunoregulation in the chronic phase: balancing parasite control and pathology
Perhaps one of the most important points while studying the clinical evolution of human Chagas disease is to find out what determines whether an individual will develop severe disease or not. A plausible theory is that individuals who remain asymptomatic are capable of reducing parasite numbers in the early phase of infection, and go on to downmodulate the response in a way that it limits the development of pathology. On the other hand, individuals who will develop cardiac disease, although capable of parasite control, may not be capable of mounting efficient immunoregulatory mechanisms, thus leading to establishment of persistent inflammation. Alternatively, it is also plausible to hypothesize that the differential clinical evolution is due to qualitative differences in the response from the beginning, which could be due to several factors such as parasite strains and exposure, or host genetic background (Fig. 1) . The high individual immunological variations inherent to humans, the impossibility of controlling for factors such as parasite exposure and the need for refined clinical characterization are some of the complicated issues when studying human Chagas disease; however, these difficulties can be dealt with by performing well designed studies [31] .
Cellular responses are critical during the evolution of Chagas disease. Among the findings that support this concept is the inflammatory nature of the associated lesions and the fact that a robust proliferative response and cytokine expression is observed by cells from chronic patients. We demonstrated that indeterminate and cardiac chagasic individuals display high frequencies of activated T cells in their bloodstream [32] . Moreover, activated T cells are a major component of the inflammatory infiltrate observed in cardiac, as well as digestive patients [33 ,34,35] . There is strong evidence for the involvement of these activated T cells in the development of pathology. It has been demonstrated that circulating activated T cells from asymptomatic and symptomatic patients express both inflammatory and anti-inflammatory cytokines, consistent with an active immunoregulation during the chronic phase [36, 37] . However, a preferential expression of inflammatory cytokines, especially TNF-alpha and IFN-gamma, was observed in cardiac lesions [35, 38] . A recent paper by Fonseca et al. [39 ] suggested that IL-15 and IL-7 are important to sustain CD8þ T-cell survival in the cardiac inflammatory infiltrate. It has also been shown that CD8þ T cells from cardiac and digestive lesions express cytolytic molecules such as Granzyme or TIA-1 antigen [33 ,35] . Adding to the importance of CD8þ T cells in chronic Chagas disease is the finding that a high percentage of these cells from chagasic patients lack CD28 expression, indicating chronic activation [40] . Albareda et al. [41] also observed a high frequency of CD8þCD28À cells in chronic patients and suggested that these cells may be exhausted due to chronic antigenic restimulation. These cells may be important for active control of the parasite during chronic phase and also in mediating tissue pathology. These possibilities are currently under investigation by several groups and may not be mutually exclusive.
Immunological analyses using well defined patients have recently been employed and have uncovered some important differences between indeterminate and cardiac patients, as well as among patients with different degrees of cardiac pathology, adding to our understanding of the role of the immune response in the differential clinical evolution of disease. Studies regarding T-cell repertoire showed that CD4þ T cells from indeterminate and cardiac patients displayed preferential expression of the Vbeta 5 TCR region [30] . However, recent studies showed that while CD8þCD28þ T-cells from indeterminate patients preferentially express Vbeta 3.1 and 5, the same cell population isolated from severe cardiac patients displayed a preferential expression of Vbeta 3.1, but not Vbeta 5 [42] . These data suggest that a dominant antigenic target may be important in eliciting T-cell responses in human Chagas disease and that there are differences in antigenic recognition between patients with distinct clinical forms. The high expression of inflammatory cytokines, especially IFN-gamma and TNF-alpha, has been associated with progressively severe cardiac disease [43, 44] . However, other studies have described an opposite correlation between the expression of IFN-gamma and cardiac disease [45] . Considering the long lasting nature of chagasic cardiomyopathy, as well as the fact that indeterminate patients are capable of producing inflammatory cytokines, despite a lack of detectable pathology [37, 43, 46] , it is clear that immunoregulatory mechanisms are present during the disease and might strongly influence its clinical evolution. Recent studies by our group [47] have shown that monocytes from indeterminate patients display higher expression of IL-10 upon exposure to the parasite, while monocytes from cardiac patients submitted to the same treatment preferentially express TNF-alpha. The higher expression of IL-10 by cells from indeterminate as compared with cardiac patients was also observed by other groups [43] . Moreover, a high frequency of CD4þCD25 cells has been observed in indeterminate patients [28] . An intriguing finding was that although CD8þ T cells from indeterminate patients display a high frequency of surface CTLA-4 expression, the same cells from cardiac patients have lower surface expression of CTLA-4, while intracellular expression was high [48 ] . It is reasonable to hypothesize that decreased surface CTLA-4 expression by CD8þ T cells from cardiac patients may contribute to exacerbated cytolytic activity and tissue destruction. Together, these data suggest that cardiac patients may have a deficiency in downmodulating the inflammatory response, as compared with asymptomatic patients. Thus, it is possible that, although both groups of patients can maintain a low parasite burden, the ability to control inflammation (directly or indirectly) is 'lost' in cardiac patients (Fig. 1) . Whether the 'loss' of this ability is genetically determined, a result of constant antigenic stimulation, or due to differences in the initial microenvironment are important questions to be answered. The search for parasite antigens that can potentially induce protective responses is a key aspect and will certainly be advanced by the availability of the parasite genome sequence and proteomic analysis underway in several laboratories. Moreover, recent studies have evaluated the occurrence of polymorphisms in genes that encode for molecules related to the control of the immune response in chagasic patients [49,50 ,51] . This approach may help identify predisposing factors, and thus present an exciting field of research.
Conclusion
The data presented in this review clearly emphasize the complexity of the immune response generated during T. cruzi infection and strengthen the concept that the host immune response is critical for disease control and evolution. The antiparasitic response, crucial for chronification of infection, may work as a double-edged sword if not properly modulated. Luckily, as a result of thousands of years of coevolution, most individuals are able to coexist with the parasite for their lifetime. The lessons learned from studying this complex interaction will certainly be helpful when designing strategies for disease control and prevention. It is, however, unlikely that just one approach will lead to successful interventions. Given the severity of Chagas disease and the large contingent of infected and at risk individuals, the quest for efficient diagnosis, therapy and prevention is fully justified.
